In 1980, Frederick Sanders and John Gyakum classified the maritime cold season rapidly deepening low pressure system as an explosive cyclone due in part to its intense "bombing" nature. Ever since this phenomenon has been discovered, there have been many, papers, books, and lectures covering the mysterious anomaly. Many scientists attribute the behavior of this weather anomaly to baroclinicity. Baroclinicity is most often conjuncted with vertical shear caused by horizontal temperature gradient leading to the thermal wind in the mean flow. Baroclinicity, coupled with the upper level trough will lead to cyclonic circulation, leading to further amplification of the aloft disturbance, which leads to further intensification. However, not all researchers agree with this theory and suggest that other mechanisms are the cause of this phenomenon. By manually tracking explosively developing low pressure systems through means of NCEP surface analysis charts and OPC products, we are able to determine the forcings behind the low. A key identifier in determining these forcings is whether or not they re-intensify after the initial cyclone decays, leaving behind a residual low that continues to propagate until it redevelops or dissipates entirely. This tells us that baroclinic instability is not involved here and that other forcings are the cause of this intensification. In this study 33 cases of explosive cyclogenesis were collected and analyzed, coming up with 2 cases of reintensification. A revival case and a dissipation case were compared in order to determine what exactly caused on case to dissipate and another to reintensify so long into its life.
Introduction & Background
In 1980, two researchers, Frederick Sanders and John R. Gyakum, defined a rapidly deepening cyclone that dropped 24 mb over 24 hours (or an average rate of 1 Bergeron) as an explosive cyclone. The rate at which this explosive deepening is defined varies at latitudes between 12 mb/day at the lowest, towards the equator, and up to 28 mb/day at the highest around the North Pole (Sanders and Gyakum 1980) . Due to the behavior of this rapidly deepening low pressure system, the phenomenon was properly named the meteorological "bomb" due to its sudden, explosive nature.
Seasonally, explosive cyclones are a primarily winter occurrence, however, there are other cases of explosive cyclogenesis occurring during other periods. Additionally, this phenomena is an almost exclusively maritime event, being found in many places around the globe at midlatitudes including the Northern Pacific Ocean (NPO), Northern Atlantic Ocean (NAO), and the Norwegian Sea, just to name a few. Many researchers have contributed this to baroclinicity, otherwise known as baroclinic instability (Wang and Rogers 2000) . Baroclinic waves are caused by a balance of static stability and tropical effect stability along with vertical wind shear. Regions of baroclinicity are defined by polar jets, frontal boundaries indicating temperature advections, and density gradients increasing with height (Pierrehumbert 1984) . In order to look at this we must first track an explosively convective cyclone as it propagates off of the Northern Pacific Ocean and reaches its dissipation stage defined by Cyclolysis. Cyclolysis is a process of decay that occurs when the cold air coming from behind a cyclone has overtaken the inflow of warm, moist air, leading it to deteriorate. The process of cyclolysis is most often ignored in most research regarding explosive cyclones, however it has become an area of interest to some researchers (Grauman et al. 2001) .
Formation
If we take a look over the Atlantic, we see that the likelihood of an explosively deepening event increases with the presence of pre-storm destabilization.
Pre-storm destabilization is when low level baroclinicty near the coast of the Atlantic is near the Gulf Stream.
Sea level temperatures were observed, measured, and compared to the colder air temperatures coming off the coast. These measurements were taken between 15 and 38 degrees latitude, which is around the Eastern United States coast (Broccoli and Manabe 1992) . The results of this study revealed to us that the pre-storm baroclinic disturbance was linked to the formation of cyclones just off the coast of North Carolina and Virginia. This relationship doesnt mean that any cyclones formed will be stronger (Cione et al. 1998 ).
Baroclinicity does not just here are other factors that lead to explosive cyclonegenesis. Fu et al. (2014) suggests that Latent Heat Release (LHR) played an important role in a case involving two stage explosive cyclonegenesis development. During the first stage LHR acted against the intensification of the low pressure system, along with the characteristics of precipitation such as the intensity, precip center, etc.
During the second stage development, upper level potential vorticity forcings were found to play an important role in the development of the explosive cyclone. Similarly, in a separate study conducted by Kuwano-Yushida and Asuma (2008) , found that latent heat release played an important role in the formation of cyclones as they affect upper level jets. This was done by studying a control case then removing any latent heat release in the atmosphere via a "dry run", results showed a significant decrease in the disturbance of upper level jets which led to a decrease in the likelihood of formation.
A study conducted by Riviere and Joly (2005) 
Hypothesis and Research Question
Despite the abundance of cases over the many years of research, the mechanisms that contributed to explosive deepening of mid-latitude cyclones are still very much disputed today. Many researchers believe that regions of baroclinicity were responsible for the rapid deepening, however, not all cases could be explained by this. Other explanations for this rapid deepening have been proposed, including the location of upper and lower level jets coordinating with one another to create cyclonic circulation. (Fu et al. (2014) , Kuwano and Yashida (2008) ). Then, if baroclinic environments only account for a minority of the explosive cyclones developed, then there must be other forcings responsible for this. In this research paper we will be looking to see if baroclinic instability is the primary mechanism behind the genesis of explosive cyclones. To look into this we will be tracking, observing, and interpreting different cases that exhibit all the characteristics of an explosive midlatitude cyclone. We will then look beyond the decayed cyclone and track the residual low in order to observe its behavior. For the hypothesis of this research thesis, we will be attempting to track the residual low of an already explosively deepened mid-latitude cyclone to see if it re-intensifies after it has decayed. If it does re-develop then we will analyze it to determine whether or not baroclinic instability is the primary mechanism.
2.Data

Region
For the focus of this research thesis, the regions that will be focused on will be the North Pacific Ocean (NPO), the Contiguous United States (CONUS), and the North Atlantic Ocean (NAO). These regions have been chosen for the frequent amount of cyclones and explosive cyclones they produce.
The NPO was selected for the main region of focus due to its frequent output of explosive cyclones, therefore, we used it as the origin for our cases we found. This is because the Taiwanese lows propagating out of the South China sea are able to create these explosive lows that form over the NPO. Additionally, the interannual variability of El Nino events, warm water anomalies propogated up into the NPO where the colder Sea Surface Temperatures (SST) resided and led to explosive cyclone genesis during the cold season. The natural oscillation of El Nino events over this region has led to the increased frequency of these events (Chen et al. 1991) . Some important regions where cyclone genesis occurs are from the east side of Japan, to just south of Alaska, however, explosive cyclone genesis occurs primarily south of 50 degrees North over the NPO (Gyakum et al. 1988) .
Selection Criteria
In this study, the criteria we used for defining explosive cyclones at mid-latitudes was finding a drop of 24 millibars (or hectapascals) over the duration of 24 hours. Since the purpose of this study was to observe and track the revival of a midlatitude explosive cyclone, all cases must have originated in the NPO between the latitudes of 25 degrees North and 50 degrees North to classify as mid-latitude. The time period this data was taken from fell between 2010-2013.
Additionally, the temporal distribution covered the "cold Season", which for our purposes were between the months of November through February since the explosive cyclogenesis is most frequent during this season (Gulev et al. 2001 ).
Data & Method Analysis
A total of 33 cases were collected for analysis in this thesis. For the methodology of this study, manual tracking via the National Weather Services (NWS) Weather Prediction Center (WPC) surface analysis map archive were utilized to observe the CONUS/North American regions. The WPC surface analysis maps have a temporal resolution of 3 hour intervals from 00Z to 24Z. The WPC doesnt cover the NPO and NAO entirely so in order to manually track and observe data over maritime regions, the NWS's Ocean Prediction Center's (OPC) archived surface maps were utilized for this purpose. The OPC's surface products temporal resolution has a 6 hour interval for both the NPO and NAO regions, however, for the analysis of upper air data at 500mb height/vorticity, temperature, etc. charts NOAA's archived analysis charts had a temporal resolution of 12hrs. For consistency in the data time intervals of 6 hours were used for data gathering. This is how data was collected. Any cases that fit the criteria were flagged and added to a list of cases to track its life cycle later. To achieve this we utilized mid-upper level 500mb height charts to find any troughs or perturbations aloft. This is because the cyclones will form on the lee side or east side of the trough since Positive Vorticity Advections exist ahead of the trough. After we noticed any perturbations aloftwe used the OPC surface analysis charts in order to find a closed pressure low. If a low was found, it was tracked in order to observe whether or not it explosively developed. After all cases were gathered, they were tracked throughout their life cycle to determine if they decayed or reintensified. Each case was tracked as the cyclone propagated across the CONUS until the decay stage. After the decay stage has occurred, the low pressure that remains must be tracked to observe the lows revival or dissipation. After determining if the low has dissipated or re-intensified (revived), it is continually tracked until it has dissipated completely or until it moved out of our regions of interest. After the data has been collected, the cases that exhibited explosive cyclogenesis were compared with the midupper 500mb heights/vorticity, temperature, etc. plots in order to determine if baroclinic instability is responsible for the formation. After having reviewed all the cases, they are then determined to be revivals or dissipated. Then a case comparison was used to demonstrate the behavioral differences in a cyclone that re-intensified and another case that decayed.
Results and Conclusions
Results
This study examined the surface analysis data during 3 winter seasons between 2010 and 2013 looking for explosive cyclogenesis caused by baroclinic waves over the NPO. Later in the cyclones life cycle a revival was sought out in order to answer our hypothesis question. As a result of the data, methods and selection criteria, we found a total of 33 explosive cyclone cases, and of those 33 cases 2 were found to show re-intensification (revival) later in its life cycle. Of the 33 cases all displayed that baroclinicity was the mechanism behind the initial explosive deepening of each case. A table compiling all the cases dates and dissipation/revival was inserted in the appendix of this paper(see Table 1 ). For our examples and conclusions we chose one of the two cases that re-intensified and compared its behavior with a case that dissipated without reintensifying.
Case Comparison
For this case comparison we compared both cases as through the genesis and decay stages of their duration to determine what set them apart from each other. Determining what made these cases so different helped us in our conclusion and discussion for this research. The case we used for our dissipation example occurred December 30 th , 2012, at 00 UTC, the beginning of the explosive development. This cyclone case started its explosive development at its physical location of 172W Longitude and 38N Latitude. We have called this cyclone "Case A". The case we have used for our revival case occurred November 17 th , 2010 at 00 UTC, also the beginning of the explosive development. The cyclone for this case started its development at 139W Longitude and 49N Latitude. We have called this cyclone "Case B". We have compared both cases to each other and broken them down through each stage of the typical Norwegian cyclone model. Looking at the initiation phase of each case, we found that both cases are caused due to baroclinic instability. Since baroclinicity most often depends on temperature gradients caused by vertical shear and stability factors from both the static short wave stability and tropical effect we looked at NH vertical wind shear charts to determine areas of wind shear were in fact baroclinic. Initially, we looked for perturbations at 500mb heights over the NPO in order to find potential cases. We were able to look for that by looking at the surface height analysis and the 500mb height/vorticity charts. What we found was a westward tilt in the troughs between the surface and 500mb, something most often found in mid-latitude disturbances caused by baroclinic instability. Looking at the development stage, the cyclones we observed displayed different pressure value drops during their deepening. Over the course of 24 hours each case exhibited a different drop in pressure. Case A dropped a total of 24mb from 994mb to 968mb. Case B dropped a total of 27mb from 1005mb to 978mb at its deepest central pressure low. Unlike Case A, Case B developed the most in the first 12 hours of its central pressure deepening. If a cyclone develops more than 16 mb in the first 12 hours of its development, it is classified as a strong cyclone. Therefore, Case B was a strong cyclone, having dropped a total of 27mb in the first 12 hours, while Case A was not with a total of . The mature phase of each cyclone was fairly similar, the lows at surface and upper 500mb levels have become overlapped with one another at similar positions as the warm air that has fed into the system has been cut off from the low, so it is no longer intensifying. It was at this time the central pressure low for each respective case was at its deepest, for Case B in particular this was at 12 UTC on the 17 November, 2010. Each cyclone soon began dissipating not long after Moving onto the dissipation stage, each case starts to dissipate and rise in pressure as the heights aloft start to fall. At its highest, Case A becomes 979mb before it is absorbed into another developing system off the southwest coast of Alaska. Case B shows behavior of the decay stage, however, it doesn't dissipate right away. Instead, the low propagates along the west coast until it travels inland of the CONUS and re-intensifies, unlike Case A. A cyclones reintensification isnt an official stage in a cyclones lifecycle, however, we have treated it like such. Post decay stage, Case B has left behind a residual low. After propagating Inland of the CONUS, the residual low re-intensified into another system. However, the redevelopment doesnt share the same characteristics for baroclinic instability. While the low had frontal boundaries formed around it, this doesnt mean that the instability present is baroclinic, instead it appears to have been frontal disturbance. The main difference between these two is that baroclinic instability is geostrophic, meaning the coriolis and pressure gradient forces are in balance of one another leading to the geostrophic wind component to be incredibly similar with the real wind. However, disturbances amplified by frontal instability is very ageostrophic, which works against the geostrophic component. This is due to forces such as friction and the coriolis force working against the balance of the pressure gradient force causing the geostrophic winds to intersect with the height and pressure contours. Further analysis shows that there is very little wind shear associated with the vertical pressure heights during this development, concluding that baroclinic instability is not the cause for re-intensification. Another key difference in the analysis of these two cases were the tracks that each explosive cyclone followed along the duration of their life cycles. Both cases underwent explosive deepening in the East NPO, however, the similarities end here. After Case A had intensified, the explosive cyclone tracked east towards the west coast of the CONUS, then started heading north steered by the winds at 500mb height. The explosive cyclone tracks just south of Alaska until it slowly propagates back west, decaying to a pressure low of 979mb before being absorbed by deeper developing low system. Case B on the other hand explosively deepened closer to CONUS than Case A, as it moved NW just off the coast of Canada. After the cyclone matured, it started to decay leaving a residual low that propagated southward along the coast moving into warmer waters keeping the low alive during its travel. The residual low steered inland towards the Rockies Region as it tracked across California and into NE Utah. The low then moves over the Rocky Mountain region and into SE Colorado where the low is 996mb, indicating down slope pressure fall. The residual low tracks East over Eastcentral Kansas where a warm front boundary along the low has formed. At 18 UTC November 22, 2010 the low re-develops as it propagates NE over the great lakes where warm water allows for the re-developing 
Conclusion & Discussion
According to the results, the revival of an explosive low is possible under the correct circumstances. What stood out most was the track that Case B took after it decayed, crossing over the Rocky Mountain Range and into the lee side trough caused by down slope motion as it follows a path that most storms that cross the midwest would have followed. Although the low didn't redevelop into an explosive cyclone, under the right circumstances a new explosively deepening redevelopment could occur. For this to occur the proper baroclinic conditions must be met, however, that may not be the case for all occurrences. It seems that whether or not baroclinicity was the primary, the key point to the lows revival was the path that it took. If any other revival cases were to occur, the most logical way that would happen is if any future cases followed the same tracking behavior displayed in Case B.
In the event of future work done over the topic, here are some key points for further discussion. Although the revival cases displayed mechanisms other than baroclinicity, this only occurred within 2 of the 33 cases found during this research paper. While this does suggest that cyclonic forcings other than baroclinicity are the cause for reintensification, the fact remains that it did not explosively develop. This may be the fact that although the residual low did not reach high enough latitudes in order to rapidly reintensify since the primary area for explosive cyclones at mid-latitudes over the NAO originate around Nova Scotia. In the future perhaps finding explosive cyclones that originate over the NAO then manually tracking backwards in time could result in proving this theory. 
Surface analysis chart taken at 12 UTC
